Abstract Hazard and operability (HAZOP) analysis is one of the most widely used methods for process hazard analysis. However, the outcome of HAZOP analysis could result in identifying large number of hazards, thus posing a challenge for assessors to take actions in dealing with all the hazards. The common practice in prioritizing the critical hazards is based on assessors' experience through deductive judgment using rating scale, taking into consideration safety and the associated costs. Although being simple and straightforward, HAZOP has the disadvantage of lacking systematic approach to elucidate different conclusions into an integrated outcome, thus susceptible to inaccurate and unjustified decisions. In this paper, we present a structured methodology for incorporating prioritization in HAZOP analysis using analytic hierarchy process. Through this approach, the hazards of a process identified using HAZOP will be quantitatively weighted and ranked based on their priority along with the appropriate counter measures to be taken. The proposed methodology is a thorough decision-making tool as it does not only prioritize the hazards identified from the HAZOP assessment, but also provides medium for the assessors to quantitatively analyze the hazards. To show its efficacy, the approach will be applied to a simple reactor unit and a more complex system of dividing wall column pilot plant as case studies. The result shows that the proposed methodology is capable of identifying and ranking the most significant hazards in a process following HAZOP analysis. This is particularly useful, especially to process designers/ engineers in prioritizing their efforts and resources on more significant hazards, hence aiding toward achieving an inherently safer chemical process.
Introduction
Over the past 20 years, the concept of occupational health and safety in management system (OHSMS) has become common in industry. There are various OHSMS-based standards, guidelines, and inspections system that have been developed (Robson et al. 2007 ) and applied within the public and private sector worldwide. In spite of stricter and more stringent execution management of projects throughout the project life cycle in particularly from the occupational safety and health (OSH) aspect, there are still accidents taking place from time to time in construction as well as in industries. Industrial accidents continue to cause human suffering, capital losses, environmental destruction, and social problem (Badri et al. 2012) . Therefore, it is very important to evaluate the potential risk of a project before it embarks, which is typically evaluated in terms of its consequences with respect to project performance. In risk assessment, quality, schedule, and costs are the most important parameters that need to be considered.
Process hazard analysis (PHA) is imperative for inherent safer design and operation of chemical processes. Many methods and tools are available for performing PHA either quantitatively and/or qualitatively. One of the most widely used methods is the hazard and operability (HAZOP) study. HAZOP is considered as a formal procedure to identify hazards in a chemical process facility. Conducting HAZOP however, is demanding and exhaustive. Due to its ''let the mind go free'' approach, HAZOP analysis could result in a vast number of hazards being identified. These situations form a complex decision-making process with interrelated components. This consequently led to poor hazards prioritization and difficulty in selecting actions that address the most substantial hazards especially when safety and cost criteria are involved. Presumably, while interacting with such complex scenarios, the better the decision makers understand this complexity, the better the decision will be.
When facing a multi-criteria problem, generally there are two known ways to derive an answer (Saaty 2001) . First is by using deductive logic with assumptions and carefully deducing an outcome from them using scales such as Likert scale. This method is commonly used in rating HAZOP analysis results, but the drawback is in the lack of information on how to bring the different conclusions into an integrated outcome, which may result in inaccurate and unjustified conclusions. The second approach is done by laying out all possible factors in a hierarchy or in a network system and deriving answers from all possible relative influences. While both approaches offer simplicity in deducing answers, the drawbacks of the first approach lies on its inability to consider the assessor's preferability toward certain criteria or indicators. Often the importance of the elements is neglected. Analytic hierarchy process (AHP) is a multi-criteria decision-making (MCDM) methodology based on hierarchical structure and it is the most suitable approach for MCDM problems (Narayanan et al. 2007) . Its hierarchical and systematic method makes it a popular technique to solve MCDM problems and has been successfully implemented in various fields from education (Othman et al. 2012) , chemical process assessment (Othman et al. 2010; Tan et al. 2014) , business, sports, and even military purposes. In safety related fields, AHP has been applied in several applications such as selection of contractors for safer turnaround maintenance (Hadidi and Khater 2015) , selection of safety devices (Caputo et al. 2013) , and safety risk assessment of constructions projects (Aminbakhsh et al. 2013; Taylan et al. 2014) . However, applications of AHP to HAZOP analysis are scarce. Therefore, in this paper, we present and highlight a systematic methodology that embeds hazard prioritization in HAZOP analysis procedure using analytic hierarchy process (AHP), called as the HAZOP-AHP. The proposed approach will be demonstrated on a simple reactor and dividing wall column pilot plant for fatty acid fractionation as case studies.
HAZOP-AHP methodology
HAZOP-AHP is developed as a methodology that incorporates a multi-criteria decision-making approach to prioritize the hazards that may contribute to the undesirable events identified from the HAZOP analysis. The general steps to the methodology are depicted in Fig. 1 .
HAZOP analysis
Generally, HAZOP analysis is used to identify how a process may swerve from its design. It is considered as an engineering intention of new facilities to judge the potential for malfunction of individual equipment, the consequences, and the actions that need to be taken. Some questions can be asked during HAZOP implementation, such as ''What deviations could occur,'' ''What are the relevant guide words and process parameters,'' ''Why do they occur?,'' (implying the causes) and ''How are they revealed'' (indicating the consequences) (Rossing et al. (Venkatasubramanian et al. 2000) . HAZOP is preferable to be carried out as early as possible in the design phase to have significant influence on the design. However, to perform HAZOP, a complete and detailed design of a process is needed. Therefore, HAZOP is often carried out as a final check when the detailed design has been completed (Rausand and Høyland 2004) . Despite of requiring such detailed information on process, the resulting HAZOP analysis output however, provides limited data only (plus qualitative), thus many of those hazards identified may have low probability or consequences (Crowl and Louvar 1990) . As an alternative to address this issue, AHP, which is a widely used decision-making tool, can be incorporated into the typical HAZOP procedure to provide a mean for prioritization of the risks and consequences. This is to ensure that the most significant hazard(s) is being addressed first properly within the available resources.
AHP methodology
Analytic hierarchy process (AHP) is a multi-criteria decision-making (MCDM) methodology based on hierarchical structure which performs decision trade-off between multiple objectives in a hierarchical structure. It provides the objective mathematics needed to process the inescapably subjective and personal preferences of individuals or groups in making a decision and well suited to decisions in which the criteria are qualitative and have a large subjective component, thus requiring judgments (Bahurmoz 2003) . It accepts any particular constitutive criterion for inclusion and allows individual decisions to be aggregated into an overall criteria, which allows other members to review and participate in that aspect of the decision-making process at an appropriate level of detail. AHP was introduced in 1980 by Thomas L. Saaty and makes it a popular technique for solving multi-criteria decision-making (MCDM) problem. Some of the advantages of AHP are that it:
• Provides a systematic and simple approach.
• Is Hierarchy-based.
• Offers multiple and specific criteria for decision inclusion.
• Accepts team-work participation (Dyer and Forman 1992) .
The development of AHP for decision making requires four steps, namely problem decomposition, weighting, ranking, and evaluation. Apart from decision making, AHP can be used to derive scales of measurements such as priority or weights setting for tangible and intangible elements by simple pairwise comparisons. It uses an absolute scale (see Table 1 ) to express how much one element dominates another with respect to a control criterion. A value greater than 1 indicates that the base criterion is relatively more important that the paired criterion. A reciprocal value is assigned to the inverse comparison. The comparison proses can be aided using a series of questions that relates the compared elements to the control criteria. As an example, one can ask ''How much important A1 compared to A2 when assessing process and plant design project?'' Based on the scale in Table 1 , if value of three (3) is taken, it simply means that, A1 is moderately more important than A2 when assessing process and plant design project. The scale or priority value derived from this comparison matrix is a ratio scale. It is important to note that assigning scale to the elements is subjective thus the assessor's knowledge, experience, and judgement is crucial.
The mathematics used to derive the priority value is based on reciprocal matrices and eigenvector theory. In general, the priority value is calculated by solving the following equation:
where A is the pairwise comparison matrix, x is the eigenvector, and c is the largest eigenvalue of A. The mathematical theorem is rather complicated and any interested reader may refer to Saaty (1980) for further reading. There are several algorithms for approximating x. Chung et al. (2005) explained a three-step procedure to synthesize the priority value. The method of calculating priorities reflects the benefits the AHP provides over simply assigning numbers to subcriteria and the alternatives (Bahurmoz 2003) . The eigenvector value x can be presented into two modes; distributive and ideal. Distributive mode normalizes the value under each element in such that the summation of all values is equal to one. On the other hand, ideal mode divides the value of each element by the score of the best element. The best element will always have the ideal value of one. To choose which mode to be used, Millet and Saaty (2000) suggested using distributive mode to determine the extent to which each element dominates all other elements under the control criterion; whereas, ideal mode is used to determine how well each element performs relative to a benchmark or the best practice element. However, a study conducted by Saaty and Vergas (1993) shows that the difference of using each mode will only lead to 8 %.
Problem decomposition hierarchy
Problem decomposition is very important in decision making. The best and most organized way to decompose a problem is by structuring it into a hierarchical form which starts at the top or first level with a goal or problem statement and ends with the alternatives to be evaluated. Between these two levels are the top down related elements that describe the system. A hierarchy is an abstraction of the structure of a system to study the function interactions of its components and their impacts on the entire system (Saaty 1980) . The abstraction of the problem model can range from simple to complex decision tree depending on the problem complexities. However, it must be well defined for a justifiable and accurate outcome. The interaction at the highest level with the elements at the lower level can be in a linear hierarchy or non-linear hierarchy. The former is the simplest form, rising from one level of elements to an adjacent level. The latter involves circular arrangements in which an upper level might be dominated by a lower level as well as being in a dominant position. The advantages of hierarchy modeling include (Saaty 1980 ):
• Hierarchical representation of a system can be used to describe how changes in priority at an upper level affect the priority of elements in lower levels.
• They give great detail of information on the structure and function of a system in the lower level and provide an overview of the actors and their purposes in the upper level.
• Natural systems assembled hierarchically, i.e., through modular construction and final assembly of modules, evolve more efficiently than those assembled as a whole.
• They are stable and flexible; stable in that small changes have small effect and flexible in that addition to a well-structured hierarchy do not disrupt the performance. Figure 2 shows the general problem decomposition guideline in HAZOP-AHP with several levels which include the overall goal, criteria, subcriteria, and alternatives to form a linear hierarchy involving all of them in several levels. It starts with the first level indicating the goal of the analysis, which could be identifying the main causes or consequences of a HAZOP analysis. The goal is then expanded into the second level criteria which is the analysis boundary node. The node could be identified as process stream, unit operation etc. Note that each node has its own unique breakdown. Each of the node will be further broken down to the third level which is the related process parameters i.e., flow, pressure, temperature etc. For each process parameters, it will be further broken down to the fourth level which describes the deviation of the parameters, according to the guide words (no, less, more, inverse, high, low). The fifth level is attached to the process parameters level which lists the causes that indicate condition that gives rise to the deviation of the parameters such as clogging in pipeline, pump failure, main valve close, empty tank. Finally, the last level of the hierarchy is the consequences which are attached to each of the fifth level. To facilitate the event tracking, a unique identification number is used which is based on multilevel numbering system. If activity i has one of the above non-zero numbers assigned to it when compared with activity j, then j has the reciprocal value when compared with i.
A reasonable assumption
If the activities are very close May be difficult to assign the best value but when compared with other contrasting activities the size of the small numbers would not be too noticeable, yet they can still indicate the relative importance of the activities.
Pairwise comparison matrix
In pairwise comparison, two components are compared with respect to the upper level control criteria using scale of relative importance. Identify a value of A ij , which indicates the importance of i-th element (left) compared to the j-th element (top) as shown in Table 2 . The scaling factor is based on the guideline in Table 1 . In AHP, relative measurements about pairwise comparison ratios with respect to the strength of preference between elements of comparison are based on human intuition (Xia and Wu 2007) . Therefore, the decision makers need to express their opinion regarding the value of single pairwise comparison at a time and need to choose their answer based on the Saaty (1980) The value [1 denotes that i-th element is more important than j-th element and \1 the inverse importance Prioritizing HAZOP analysis using analytic hierarchy process (AHP) 1349
For the inverse comparison between the elements, a reciprocal value is allocated as A ji = 1/A ij . Each entry A ij of A is the answer of a typical question, ''between the two factors F i and F j , which one is more dominant (or preferable or important) and what is the degree of this dominance?'' The answers are usually given verbally, like F 1 is weakly (or strongly) more dominant over F j . Later, these verbal qualitative phrases (weakly or strongly more) are quantified by means of the (1-9) ratio scale. For example, if F 1 is strongly more dominant over F 2 , then a 12 = 5. The interpretation of all the numerical judgments of the (1-9) scale is given in Table 1 .
Weight ranking and consistency test
It has been stated that each A ij is the ratio of the two weights w i and w j . Now, if we multiply A by the weight vector w from the right, we get
where n is the order of the matrix, i.e., the number of factors compared. So, we can recover the weight vector w from (2), provided (A -nI)w = 0 has non-trivial solution, i.e., |A -nI| = 0, i.e., n is the eigenvalue of A. We also note that a ij ¼ w i =w k ð Þ w k =w i ð Þ¼a ik a kj , which is known as cardinal consistency relation. If all the elements of A satisfy this relation, then we say that the matrix is consistent, otherwise it is inconsistent. In reality, especially within the framework of the AHP, the matrix A is hardly consistent. In the inconsistent case, Eq. (2) becomes
where k max is the largest eigenvalue of A 0 . Here the matrix A has been perturbed to A 0 and the consistency relation is violated at least once. For simplicity, the primes are omitted in the following notations and expression. To find out the weights, firstly we need to determine the largest eigenvalue k max of A. Then the weights w i 's are determined by solving the following system of linear simultaneous equations:
For uniqueness, we normalize the set of weights such that P n i¼1 w i ¼ 1. In practice, Expert Choice software is used to compute the weights from the pairwise comparison matrices (Islam 2003) .
These final numbers show an approximation of the relative priorities for the elements being compared with respect to its upper level criteria (eigenvector). These calculations can be done easily using spreadsheet either manually or using the eigenvector method. Other tools such as Super Decisions can also be used to calculate the weights. Next, check the consistency of the judgement by using Principle Eigen Value, k. Eigen value is obtained from the summation of products between each element of eigenvector and the sum of reciprocal matrix column. The Consistency Index (CI) is defined as (Xia and Wu 2007) :
To overcome the order dependency of CI, the value of CI is then compared with the appropriate CI which is known as random consistency index (RI). The term was defined as the expected value of the CI corresponding to the order of matrices. The average RI is shown in Table 3 .
Then, consistency ratio (CR) is proposed to compare between the CI and the RI using the following formula:
If the value of CR is smaller than or equal to 10 %, the inconsistency is acceptable. If the CR is greater than 10 %, comparison matrix must be repeated (Sumi and Kabir 2010) .
Evaluation of the overall hazards ranking
The selection of best alternatives of the consequences (the overall ranking) relies on the combination of multiplication of each priority vector by the parent's priority vector as shown in the formula below (Saaty 1990 ):
where p A is the priority vector of alternative, p S is the priority vector of subcriteria(s), and p C is the priority vector of criteria.
AHP-HAZOP results analysis
The final step in this methodology is analysis of the outcome from the AHP-HAZOP assessment. Since the analysis includes quantitative valuation, the selection of outcomes can be easily ranked and prioritized, for example, in an effort to rank the overall hazards or nodes and its corresponding actions. In this way, engineers or assessors could focus their efforts on more important or significant hazards especially when safety aspect and the associated cost are considered.
Application to a simple reactor case study Figure 3 shows a classic example of HAZOP analysis in Chemical Process Safety: Fundamentals with Applications by Crowl and Louvar (1990) . The reactor system is an exothermic reactor. A cooling system is provided to remove the excess energy of the reaction. In the event when the cooling function fails, the temperature of the reactor would increase. This would lead to an increase in the reaction rate leading to additional energy release. The results could be runaway reaction with pressures exceeding the bursting pressure (maximum designated pressure) of the reactor. The corresponding HAZOP analysis for this system is shown in Table 4 . Note that only LESS FLOW is considered in this example. After the HAZOP analysis table is constructed, the next step is to decompose the problem into a hierarchical form. Figure 4 shows the hierarchical problem decomposition. The analysis goal is to identify the main causes that affect the reactor operation and safety. It is then followed by the second level that represents the boundary analysis node which is in this case, the cooling flow. The third level is the corresponding process parameter which is FLOW. The fourth level is the deviation parameter which is LESS. The fifth level is the causes which indicate condition that gives rise to the deviation of the parameters (e.g., control valve fails to respond). Finally in the last level of the hierarchy are the consequences anticipated due to the deviation of the parameter (e.g., diminished cooling). Each level is tagged with a unique identification number based on multilevel numbering system to facilitate the activity tracking. The next step is to construct a pairwise comparison matrix table. Table 5 shows the matrix table, and pairwise comparison is performed at every level. The comparison process can be aided using series of questions that relate the relationship of the compared elements and the control criterion. For example, the question that may be asked is ''For the cooling flow, how much important is partially plugged cooling line compared to partial water source failure when investigating the main cause that affects the reactor.'' In this question, 'partially plugged cooling line' acts as the base criterion while 'partial water source failure' is the paired criteria and 'investigating the main cause that affects the reactor' is the control criterion. The scaling factor is based on the guideline in Table 1 and once the comparison matrix is completed, the priority value can be calculated. Setting the scaling factor during the construction of pairwise comparison matrix table can be done by the HAZOP team members.
The priority value is calculated using Eqs. (2)-(5). Using Eq. (2), the sum of reciprocal of column j (paired criterion) is calculated giving the following result. The priorities are calculated using Eqs. The Eigen vector value shows us the prioritization value. The consistency ratio, in this example is 3.6 % which is less than 10 %. Thus, the comparison is acceptable. The calculation above could be done easily in spreadsheets such as Excel. Table 6 shows the enhanced version of HAZOP analysis table incorporating the AHP analysis for hazard prioritization. From this we can see that activity 1.1.3 (Control valves failed to response) is the most significant causes of hazard in the reactor, this is followed by 1.1.1 (Partially plugged cooling line) and 1.1.2 (Partial water sources failure). By identifying the most significant causes, engineers could take appropriate action associated with the prioritized cause for an inherently safer process design.
Application to DWC pilot plant for fatty acid fractionation
DWC is a single shell, fully thermally coupled distillation column which is able to separate mixtures of three or more components into high purity products (Dejanović et al. 2010 ). In the Faculty of Chemical and Natural Resources Engineering, Universiti Malaysia Pahang, there is a plan to build DWC pilot plant for fatty acid fractionation. The column is designed with a height of 14 m high and diameter of 15 cm. It is designed with feed flowrate of between 3 and 5 kg/h and operated under vacuum condition between 10 and 30 mbar. This vacuum condition is needed so that the operating temperature of the column is lower than 270°C to avoid product degradation. Since fatty acid is highly corrosive, a low carbon stainless steel material e.g., 317SS or 904L is used which able to withstand high corrosive material. Figure 5 shows the P&ID of the pilot plant.
Prior to installation, a HAZOP analysis was performed by our HAZOP team members through several meetings. The team members comprises of lecturers, post graduate students and undergraduate students. The main tasks of the team are not only to conduct HAZOP analysis but also to set the scaling factor for pairwise comparison. In this section, the application of HAZOP-AHP to determine important hazards in the proposed pilot plant is discussed in detail. A Super Decision software (SDS) is used for weights calculation. SDS is one of the AHP tools used due to its powerful and flexible features in making multi-criteria decision (Baby 2013) . Typically SDS consists of four steps: (1) building a hierarchy of the objective or goal, (2) entering the alternatives, (3) comparing the elements and finally, (4) synthesizing the result. Because of space limitation, the case study is discussed on the FEED stream HAZOP analysis only. Figure 6 shows the problem hierarchy for the feed stream. A pairwise comparison is performed at every level. The comparison process can be aided using series of questions that relates the relationship of the compared elements and the control criterion. For example, in the third level, the question that may be asked is ''How much important is feed flowrate compared to temperature when performing HAZOP at the feed stream.'' In this question, feed flowrate acts as the base criterion while temperature is the paired criteria and the performing HAZOP at the feed stream is the control criterion. For the third level, Table 7 shows that flow is identified as the most important parameter in contributing to hazards with relative weight of 0.67381. It is followed by temperature and pressure which have relative weight of 0.22554 and 0.10065, respectively. These values indicate that 'flow' is the most anticipated parameter to be considered in conjunction with HAZOP analysis for the feed stream followed by temperature and pressure. Note that, weights assignment is subjective (Othman et al. 2010) ; nevertheless, to have a meaningful and justifiable comparison, justification and team-work participation among decision makers are very important.
Based on the parameter deviations (fourth level), the results are depicted in Table 8 . It shows that for flow parameter, LESS flow (1.2) is anticipated to cause the highest process deviation, with relative weight of 0.38341, followed by NO flow (1.1) which has 0.20578 of relative weight. On the other hand, MORE flow (1.3) and REVERSE flow (1.4) have much lower deviation values of relative weights in the range of 0.029-0.055. For temperature parameter, LOW temperature (2.1) is predicted to cause the highest process deviation with relative weight of 0.18043 and HIGH temperature (2.2) has a lower relative weight of 0.04510. For pressure on the other hand, MORE pressure (3.1) has a relative weight of 0.10065. Overall, based on the seven parameters, deviation of LESS flow is crucial compared to the other deviations. This is followed by NO flow, LOW temperature, and MORE pressure. Meanwhile the parameters that may cause the least process deviation are MORE flow, REVERSE flow, and HIGH temperature. Table 9 shows the synthesized priorities for the consequences (alternatives) of DWC in feed stream. The Normals column presents the results in the form of the priorities. The Ideals column is obtained from Normals column by dividing each of the value with the largest value in the column, so that the best choice has a priority of 1. Based on the SDS synthesis, the consequence of low product quantity (1.2.5.1 and 1.2.6.1) has the highest priority of 0.0645. The lowest priority is referred to damages to pump P-101 (1.1.1.1, 1.1.3.1 and 1.1.6.1) with Normals value of 0.0021. Synthesizing for other priorities is the same for distillate and reflux stream, middle stream, and bottom stream.
Tables 10,11, 12, and 13 list the top 10 ranking of the consequences (alternatives) which cover all streams in the DWC system. Nevertheless, since the descriptions of the results are the same for all streams, we will be focusing on the feed stream for demonstration in this paper. Table 7 refers to the overall consequences rankings that probably rise up in DWC system if deviation of parameters occurred. The first three ranking, which are low in product quantity (1.2.6.1, 1.2.5.1, and 1.2.4.1), have the same priorities, indicating that they are equally important with a value of 0.0645 each. This is followed by the fourth and fifth rankings, which are damages to HE-101(1.1.5.1) and low product quantity (1.2.3.1), with the priority value of 0.0546 and 0.046, respectively. The other rankings are in the range of 0.020 to 0.039. All the consistency ratios are below than 10 %, thus the pairwise judgments that have been made can be trusted.
Based on the first three rankings, all the consequences are ranked with respect to the upper control criteria. It shows that less flow of raw material inside the feed stream might lower the quantity of fatty acid production, as the pump operation is under power, main valve is partly open, and there is a partial clogging inside the pipeline. By referring to the fourth level of ranking, it is stated that if no flow occurred, there is a higher probability that HE-101 will become damaged due to the opening of drain valve in the feed stream. While in the fifth ranking, the quantity of fatty acid will be smaller, due to less flow inside the stream caused from the malfunction of control and flow meter.
Based on the priorities ranking that have been listed above, it can be concluded that 'pump under power,' 'main valve partly open,' and 'partial clogging in the pipeline' are the main causes that lead to deviation of less flow, compared to other causes. These rankings allow the project team to identify the crucial causes that need to be monitored before DWC is fully operated. Thus, early precaution steps to control the risk can be taken in a stepwise manner. Prioritizing HAZOP analysis using analytic hierarchy process (AHP) 1355 Prioritizing HAZOP analysis using analytic hierarchy process (AHP) 1359
Conclusion
In this paper, a novel approach in prioritizing hazards identified in HAZOP using AHP is introduced. The method has been applied to a simple reactor and DWC pilot plant. The results show that, the proposed method is able to identify and rank the most significant hazards among the identified long list of hazards. However, weights assignment during the pairwise comparison step is subjected to individual preference (assessor) and thus, should be bound by a good team-work participation. In addition, rank reversal phenomenon could also perturb the ranking which is usually caused by the addition or deletion of an alternative. An application to final HAZOP results could minimize the rank reversal effect. Nevertheless, by using this approach as a decision-making tool, project team will be able to prioritize any action to plant modification, retrofitting, or construction within the available resources constraints. Thus, early precaution steps to control the risk can be taken in a stepwise manner hence aiding toward achieving an inherently safer chemical process.
